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EMBRITTLEMENT OF METALS
BY ORGANIC LIQUIDS

ABSTRACT

thgh-strength steel and alumimum are shown to be embrittled in
notched tatigue testing in the presence of water, alcohaols, glycols, ethers,
and aldehydes . It as shown that longer carbon chinins, branching molecular
shapes, and closed rings reduce the degree of embraittlement while multipli-
city of ~OI) or 7.0 ) groups enhance 1t. By a variety of experiments and
deductions, water as shown to behave more hike a zero chain length organic

molecule rather than an clectrolytic medinm
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EMBRITTLIEMENT OF METALS BY ORGANIC LIQUIDS

I INTRODUGTION

Th s s a4 summary report on progress of one port on of a com
posite program ent tled "Fracture of Metals " ident f ed under Contract No.
DA-11 ORD 022 3108, "This report covers the per od December 1, 1962, Lo
November 30, 1963,

This port'on of the program on "Fracture of Mctals' is directed
toward exploring the ex'steace and nature of embrittlement which maight be
produced by concurrent exposure of metils to organic ligquids and tensile
stresses. Orgamce hquds are defined for present purposes as pure hqud
species, m'se ble | quids, and solut ons of sollds n hquids Embrittlement
constitutes the premature mme’'dence of eracking as exper-enced under con
t nuously increas ng load, static loading, or dynamic ‘cychie) loading ""Pre
maturce' s used here o the sense of a lower maxamum load, a shorter time,

or fewer cycled than would be expected for the material nur

This research task has taken the position that the ex,s1 ng published
knowledge on the subject 14 so gparse and quest onable that the phenomenon
has essentially to he rediscovered, The potential aren of exploration ivolves
combimat onyg and permutations of diverse orgame 'quids, enginecring metals,
and systems of mechamceal test ng, Obviously there must be a simphifcation
of approach. By anadogy with experience in hquid-metal and siress--corrosion
cracking, some very spectf ¢ s mplif cat ons can be chosen Two eng.neering
metals have bheen chosen Al and e both offer the greatest potential spec
trum of strengths and structures  One representative alloy of cach metfal was
chosen which would be capable either by aging or by quench and temper,of
producing h gh strengths by d spersion of f ne particles in the structure  In
Lthe case of Al, the alioy 2024 has been chosen, heat treated to the T4 condh
tion where "1 possesses a y eld strength of 47,000 ps1 The Fe counterpart

wdasg an ar harvdenable, high strength steel (commerveial designation 300M )

C0.40% C, 1.6% Si, 0.75% Mn, 0.85%Cr, | . 85% N., 0.40% Mo, 0.08% V.

Del vered by TI'T Rescarch Institute pursuant to Contract No DA 11 -ORD-
022 3108. Gavernment's usc controlled by the prov s’ons of Art cles 26 and
27 ot Title 1T (General Prov s ons)
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quenched and tempered to oy eld strength of about 200,000 ps All previous

exper ence po nts to these condit ons as most hkely to exh it erabr ttlemen

Mechan cal est systems, n noreas ng order of complex’ty, "n.
cluded:
~wstaple tens’le est to fa lure
fa lure under stat ¢ lond ' ng at the yeld po nt.

~~cycl ¢ load ng of a sharply notched specimen,

By narrow'ng he mater al and test parameters, 't was poss ble to condu t a

w de range of explovations of the embr ttl ng capab’ 't es of organ’c I'qu ds,
The report which follows gummar’zes results and d'scusses he'v s'gn i'ecnnce,
Tes procedures are summar’zed n detall o the append x.

. AN APPRAISAT OF LITERATURLK

In recent years several summaries and anterpretat ons of publ’shed
works have il})])(‘ill'(‘(‘.(l g Fach has reviewed cssentially the same publica
1ons ., but the ‘nterpretations of thewr sigmf cance differ somewhat  In re

capitulation, the follow ng s o st of phenomena revealed by var ous expen

ments which ave pert nent to the topre under discuss on,

") Reduct onan the y eld pomt of Sny AL, and Ph s ngle crystals
mmmersed n surface act ve agents such as ole ¢ ac'd, palmitie aed, and
cetyl atcohol as dlute solut ons an ananert solvent . These ave the work of
Reb nder and has associates. ‘The work of Kriamer does not confirm the
cffect on erit cal resolved shear stress an single crystals of Al but does

conf rm other effects such as work hardemng and creep.

) ncerease in the rate of creep of single crystals of Sn, Al, Pb,
Zn, and Cd  The separate works of Relander, Masing, and Kramer ave an
essential agreement  There arve long standing arguments an the hiterature
based on work by Andrade and by {larper and Cottrell on the presence and
s gn [Ncance of ox de films s nee all of th s work has been done on very thin

wire shaped spec mens

(¢) The creep of polycrystall ne wires s unaffected by the pre-
sence of orgame spece es of surface active agents when the gra n diaimeter
of the metal 1s less than about 2% of the wire cross sect on, 1 e, about
50 gra ns n a scct.on
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(d) A toss of 20 25% 1 the [racture strength of single crystals
of Pb tested in solul ons of active fatty acids and alcohols ina neutral sol -

vent at very h'gh strain rates only.

() Discontinuous changes in creep rate and flow stress of both
s ngle crystal and polycrystalhne aluminum subjected ntermattently to
clectrolyt' ¢ dissolut on. The offect s proport.onal to the electrolytic cur

rent or rate of dissolution.

f) Influence of imposed electrolytic potent al on the hardness of
11, Te, and Cd, wh'¢h include increases and decreases of hardness. The
presence of surface adsorbing alcohols accentuates the effect of potential,

The phenomenonas called the Electro Capillary Effect by Rebinder.

‘g) Reduct on of the order of 25 50% in tatigue strength and en
durance I it of ferritic steets mimersed on vaseline ol solutions contaiming
isoamyl alcohol vr olere acid  Simple hgh purity wider can produce the
same deter’oration by what is termed "corrvosian fatigue ' The addition of
soamyl alcohol to water reduces the rate of corrosion yet perpetuntes the

fat pgue strength loss and prov des a distinpgu shable and separable effedt
Y 1 ]

There arve various proposced mechanisms for these etfects. The
Rebinder group prefer the concept thit phys.cal adsorpt on ot polar molecules
of certain species lowers the surface energy of the sol d lead ng to two effects
reduction of the magnitude of barrrers to ship ot the surtace leading to accel
erited yield ' ng, and reduct on of the cleavage energy at the surface leading
to cracking. Simple chemocal d ssolut un or electrolytic polishing can, an
principle, ralse or lower the flow stress, depending on the nature of the
surface material. If the surface consthitutes an oxide 'l and/or stvucturally
irregular mater.al, the surface d ssolution will naturally lead 1o a4 reduced
flow stress but gencrally only in fine w re or forl where the crystal size s
not much smaller than the thickness or d ameter d menston in broittle
materials where cleaved surfaces have a lugh population of sl p sources,
the removal of these by chemeal dissolution can clearly lead to magmfied

strength

F’
Recent experiments by Kramer, ) on Al alloy specimens of large
d mensions compared Lo theor grain s1ze, suggest that simple material re

moval models are inadequate, for 1t was shown that certain reversible yield
T RESEARCH INSTITUTE
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stress drops occurred with the imposition of electrolytic current. The ef
fects were very small, simiply because a change in the flow stress of the sur
face materal can have only a small effect on the average flow stress of the
specimen.  These results seem to be related to the Rebinder cleciro capillary

effect.

There is an intermediate effect involving chemacal attiack of the
metal by the hqu'd env ronment which produces a metallo orgamce species,
which 1n turn has the character of a surface active agent. Kramer's studies
on metal stecarates and stearic acid and other organic acids just.fy a process

of change of mechamcal properties by chemi adsorpt on.

The influence of enviromment on the plastic flow propernies of
metals has quest’onable relevance to present interests n the fracture of
normally ductile inetals  "The most anterest ng experunents an thas field
arce those by Karpenko on the dynanie fatigue strength of steel in surface
act've ligmd env ronments. Tt as useful at this point to recapitulitte s re

sults

steels: 0150 25%C, 071 0%Cr
0.35 0.45% C, 0 5 0 8% Mn, 0.8-1 1% Cr.

condition quenched and tempered, undesignated strength
anncaled, UTS - 70,000 ps’

meoedia: aar, water, water | 2% isoamy! aleohol . inactive
vasceline o1l 1 2% 1soamyl alcohol or 2% ole ¢
acid, commercal labricating mil, new and spent,
lubr cating oil + 2% ole.e acid.
Compared to the endurance lim't inair, the endurance Hmits an
water, water |+ soamyl alcohol, vasel ne ol 1 asoamyl aleohol or oleie ac d,
and lubricat.ng o'l + ole.c acid are measurably lower Waler as as effective
ag any of the surface active agentys by generat ng what s known as corrosion-
fat.gue The corrosion process can be stopped {(at least by vaisunl inspect on)
by the add’t.on of small amounts of 1soamyl alcohol as an inlibitor  The
surface ‘active character of 1soamyl alcohol 15 suff ¢ ent to produce just as
gevere loss n endurance him't  There is a distinction between corrosion
fatigue and surface active agent fat'gue . In the former case there 1s no de .
f'ned endurance himit, whereas in the latter a clearly resolvable limif as

measurced. This s gnif es that fracture in the presence of surfaciants {(a

IIT RESEARCH INSTITUTE
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term commonly used for surface active agents) is dependent on the conjont
existence of am nimum stress and a4 minimum activity In corrousion fatigue

no critical stress hhm t exists,

The amount of isoamyl alcohol inwater s not critical between 0.2
and 2% concentration The loss wn endurance limat an annealed steels s only
about 10% At anaintermediate hardness level, the loss mmereases to about
20%, and at ligher hardness levels ‘probably UTS2a2 150,000 psi) the loss in
cndurance tun t s nearly 50%. ‘Thus, the harder the steel, the more prone
1t is to embr ttlement. Th's is in agreement with all other env.ronmental
embrittlement phenomena. Certa'n commercial oils have nald surfactan!
properties w'th consequent loss in endurance it . There were no observed
d'fferences between new and spent ol Inthe presence of & strong surfactant,
specimen fin sh becomes an unimportint tactor, wherecas «n normal testing,

ity adef nite factor.,

The rate of cycling in fatigue testing s anammportant factor of life
time in the presence of a surfactant The Tower the rate of cycling, the more
effective s the embrittlement For example, watev 1 2% iseamyl alc ohol
lowered the endurance linnt by 7% at 10,000 cpm and by 30% 0 3000 cpm.

Th' s 1s an impoertant obscervation, for it ind cates that the process as controlled
by the rate at which the surfactant can move in cracks . Although the work ot

Karpenko s at Teast ten years old, it has never been repeated

HT - SERIES O EXPERTMENTS

A, Tensile ‘Testing 'n the Presence of

Organic Liquids

All engincering metals ‘except certain of the precious species) are
covered with continuous filims of oxide  As & result of high temperature,
these films may be so thick that the metal is black or otherwise nonmetallic
in appearance . [lowever, under proper conditions of suriace preparation,
the oxide f'lm s so thin that the natural color and reflectivity of the metal
1s readily apparent. Though only a few hundred angstroms thick, these oxide
films are effective barriers, separating the metal from gascous or liquid
environments. Itas very difficult to conceve of a4 scheme whereby an organic

Liquid can be brought to an oxide-free surface. 'The case and reproducibility

I'T RESEARCH INSTITUTE
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of such a task are so dubrous that an exploration progrian must find some

alternative approach.

In simple tensile festing, the exode film barrier 7s no really @
major problem Ox'de f lms are not duct le, and on exc ced ng the yeld
po'nt of the substrate metal, the film must crack repestedly. Provided that
the surface of the specanen s hiberally swabbed with the candhidate organic
liquid, the ¢racks whch form provide repeated Tones of contivet between the
metal and the | quid  Tens le stram-straon studles were conducted over the

whole range of elastie plastic behav or,

More than 200 organ’c hiquids iond solumions were used an tensale
test exper mments with the Al aond steel maderids. Each of these species fell

under one of the tollow ng o fego ese

Hydrocarbons

Alcohols

lithers

Aldehydes

Ketones,

osters

Qrpanie aods

Metal calts of organ’c acids
Ketoxamines

Amines

Halopenated orpan’c compounds
Mectal orpganic compounds

Commere ol orgime surfactants

In substance, no influence of any organ’c higuod was found on the
tensile behav or of high strength Al and steel. Tens le bhohavior Sncludes
yoeld po ot rate of worle hardemng, uli mode fenaile strenpgth, totad elenga

tron, and final redudtion in arcea

B. TFailure of Unnotched Specamens

under Static Load ng

mbrittiement which depends on chemueal adsorp’ on, and/or

react on at the crack root, and on rate of transport of the act ve fluid

IHT RESEARCH INSTITUTE
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down the crack to the voot may not be revealed by a tensile test, It 1s neces-
sary to leply a time axas to the provess In such cirrcumstances, a static

loading arrangement 1s an accepted practice

The problem of the oxide film bharrier 1s not so sumply dealt with
here. There is some possibihity that oxide filims themselves crack progres
sively over o perod of timme when the metal substrate s loaded in tension to
the yield point, but there 1s no actual knowledge of this. Alternatively, one
can introduce into the hguid medium @ corrosive agent which will progres-
sively deterioriate the continuity of the oxade filim. A further imethod 1s to
scrape or cut the surface of the specnnen with a4 sharp tool under a thick film

or actual pool of the cand date embritthing hiquid.

All of these methods were tried on sunple bend specumens loaded
to the yield point at the tens e surface.  FExposure time of 7 days was allowed
for fa lure 1o occur. A 5% sal'ne solution was usced as the corrosive medium

and s a solvent for orgamc species where possible

The embrittlement propensity of more than 200 organic species
and G large numiber of saline solutions under the specihic test circumstances
were explored. There was no s ngle nstance of finlave under static toading .
This was true even for thode cond hrons where considerable corrosive action
wis apparent. This phase of the program cmbraced hoth high strength alu

. num and steel,

C. Influence of Water on Dyninnc

(Cycl'c) Fatigue

Cyclic fatigue of deeply edge notehed sheet spec mens under tension
tension stressing in the presence of candidate embrittling agents produced
systemat.c and pronounced trends of premature failure. In this case, pre -
mature failure 's judged in terms of the number of cycles to failure n the
presence of the act've ligquid as compared with testing in i under sdentical

stressing condit ' ons

Fatigue stress ng has the spec.al attribute of combaning applied
stress, ship (plastic strain), and cracking activity over a substant al period
of time. Thus, chem'cal interactions and surface wetting processes involving
the candidate surfactant hquids have considerable time to occur and to exerlt

influence.,
IIT RESEARCH INSTITUTE
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Fatigue faalure can be deseribed by plotting the number of cycles
to finlure against the cychie component of stress. 'has plot “s commonly
known as the S N curve  Steel has the special attribute of an endurance
Lt -an alternat ng stress magnitude below which faalure will never occur
Edge notched sheet specimens with a f led 0,000 v root radius have been
tested intens on tens on fat gue. That s 0 constant tensile stress s main
ta ned on the specimen with a superomposed addition wh ch cycles between zero
and some max mum value. The S N curve plotted on Fagure | lor the hogh
sirength steel relates the magnitude of the eycl.e max.mum to the number of
cycles to failure. There s a sharp and clearly detined endurance Iimit The
cracks or'ginate from one or both of the edge noteh roots and propagate in a
direction transverse to the ax’'s of stressing until the maximum stress exceeds
the ultimate strength of the rema . nng cross-sect.on. About 50% of the total

crack surface represents slowly advane ng fat pue crack.

The action of a I qud env ramment s nduced by clamiping two Lhigud
saturated ashestos pads to the faces of the specimen over the whole notched
arca. A "Saran Wreap' or polycthylene envelope prevents volatil zation. The
sol'd po'nts an Figure 1 demonstrate the ab hity of 4 5% NaCl solution to de
press the endurance himit and perhaps even to elinminate of 0 Thes s o simple

confirmat on of previous Russ an wark,

Ay it bas's tor scrcemng the effect veness ot a laovge number of
organ’c Pquid candudates, a s ngle stress level has been chosen ‘This stress
level “s near, but below, the normal endurance limi 1, Thus, o spec.men dry
and an air w l not faal at thes stress level even atter many nulhions ol ¢y les,
However, at this stress level, a 5% NaCl water solution wall cause fasddure in
300,000-600,000 cycles. The effect veness of other 1 quids ¢an be judged by

reference to these two comparative cond tons.

The S-N curve for the high strength Al alloy, shown in Figure 2
docs not posscess a true endurance nat Therefore, the rat ¢ of fatigue 1 {e
‘n salt solution to that inar s finite at all siress levels and not appreciably
var'able, A dynam ¢ stress increment of 1210 ps1 to a 8050 ps! preload was
chosen at which the Al alloy specimen fails "noaar at about 4,000,000 cycles

and in salt solut’on at about 2,500,000 cycles.

I'T RESEARCH INSTITUTE

-8 II'TR1-BI83IRBRZ
{(Sumumary Report)




WD 0081 LV SSFYULS
TYNIINON DUNVNAQ ATIVINVA V ANV ISd ¢0C'21 SO SEFE1S IVNINION DILVIS ¥V 43dNn
(HIDNZTUWIS Q' TTIX ISd (00°00T) THAELS UALVFEFEL-LYIH UCE TE0D (M-S ZENTIvd AnDIIVL - [ "DIA

000I1x“34NT1Iv4 OL S3712AD 40 H39WNN
0022 0002 008! 009 OQO¥I 0CZ2!I 0001 008 009 00% 002 0

] I l I T T I _ T _ 0
[w)
IA
z
V I em— m
<« I/
e o =
] >
? %
=
[
U
»
x
o I3 lo_ m
NOILN10S 3ANITIVS %S°a3113Mm V o
A¥Q0 O ©
21

II'TRI-B183HA -4

(Summary Report)



CINAD 0081 1LV SSTYIS TEVNIINON DIWNYNIA ZTTIVIEVA V ANV
ISd 0S08 IO SSEYLS TVNIIWON DILVIS ¥ ¥dAQOND 51-3207 7%¥ 40 Y11V ZACIivT -~ 7 *Old
g0l x 37040 ‘dy
v € 2 | 0
1 T 1 [ 0
NOILNTOS 3INITIVS ‘A31L132M O
A40 0O
o
<
=z
— 000! »
Z
)
r
o
>
o]
=
>
x
<
C
=
— o002’
el
(7]
000¢

>

IITRI-B16 3]

-0 -

(Stinmary Report)



Dist Hed witer induces fat gue failure n the high strength steel
under the specif’c condit'ons of test at 583,000 cycles  Th's is a profound
embr ttlement but one which 's no novelty to the subjeet of high strength steels.
The or'gin of water embrittlement has bheen generally regarded as falling
w thin the context of what "s termed "stress corrosion' cracking. Contem
porarvy theory of stress-corrosion cracking treats the mechanism as one of
highly local zed electrochemcal corrosion, accecelerated and gu ded by the

intensity and d rect on of prine pal tensile stresses.

flowever, the substance of the present results sheds considerable
doubt on the appl'cability of stress-corrosion theory to water embrittlement .
The addition of 5% NaCl to water as a solutcon produces fatigue fa lure in
530,000 cycles, whrehas not d stinguaishable from the results with dist lled
water.  Yet, clearly, the electr cal conduct vity of the sahine seluthon is

greater than that of d st led water .

Further tests reveal no sigmf cant ainfluence of plt of water on
fal gue 1'm Distilled water exposced to a'r assumes a pll of about 4, prob

ably because of CO, adsorpt on inan nute amounts, Uhe pil of d stilled water

2
was adjusted 1o a value of 1 by the addit on of a few drops of HCL in one 1n
stance and to a value of 7 and 12 hy the addition of drops of concentrated
NaOIl solut on. The results of fatigue test ng using these four pll levels are
shown in Figure 3, where over the range of pH from 1 to 12, the nfluence

of hydrogen and hydroxyl 1on concentration is very small and probably

neglig ble when the normal scatter of fadipue dataas taken nmo consideration,
Added to the negl g'ble nfluence of a hgh salt concentration, on concentra

ton 1s not o sigmficant factor  This conclusion "s, of course, qu te ncom

pat ble with contemporary stress corrosion theory.

To these results may be added the behavior of large mposced
potentiils between the specimen and o platimum wire through the medium
of d st'lled water while undergoing cyche fatigue stressing ‘These polent-als
are high enough to promote rap d dr ft of ions to one or another electrode
depending on the sign  If 1on mob | ty 1s a significant factor, there should be

a significant shortemng of fatiguce lifc. The results ave as follows:
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Ng, CYCLES x 10°

FIG.

X SALINE SOLUTION

1 - INFLURNGE OF THE pIll OF WATER ON THE FATIGUY

LIMIT OF [IGH-STRENGTI STEKL V-NOTCIIED TIENSION-
TENSION SPECIMIEN. {12,500 psi preload, 4370 psi dynamic

load.)

2.
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Potential N cycles to faalure

- o — e
20T 0 535,000, 601,000
specimen negative, 2 volts DC 421,000; 470,000
specanen pos tive, 2 volts DG 516,000; 585,000, 912 000

Wiath the test specumen pos tive to attract (OL ) vons there o< no
s gnif cant mfluence by a Jorge potential . When comnected neg oo e fo e e
(II') tons, there s an approx.mately 20% decrease n fatigue 11e wh o s
relatively small effect and most I'kely due to hydrogen absorpt onanto *he
steel rather than to covrosive act on associated with the plating of hydrogen
Apan we must conclude that jons and “on concentration do not ploy o demauon’

role ‘n fatigio fa-lure

A s milar conclusion can be drawn from the relative embre* 1l ng
act-on of dist Med water and 5% sal ne solulion on h gh-strength alumonum
In dist'led water, the 2024 alloy fic s inabout 2,650,000 cycles where s
w’ h the saline solut on fadures occurred m the range of 2,200,000 1
2,500,000 cycles The d'fference s tr vial despite the fact that the s one
solut on s clearly nghly corrosive and the distilled water s no!
D Influence of Aleohols on Gyclle Fatigue

The saturated alcohols are non on'¢ and can be descorbed b, the
sencral for a G 5 . ; ro have ¢ ohos
peneral formula € n”&nl l()ll, 50 that when n T we have (€ ll‘()ll twhocl
methinol) and when a8 we have (Igll”()ll (which 1s octyl aleohol) Howey e
the formula ('.81117(')11 sat’sf es o whole group of alcohols of samibar mcleond
we pht but different phys cal properties. Uhe d'fferent physical propect es

dervive from viariations an symme ry of carbon and hydroxy! bonding

The primary, sccondary, and tert ary alcohols cach have o commoen
property def ned in terms of the coordinat on of carbon atoms around the o -
bon atom to which the ( OF) group s aftached  The carbon atom acsoc o ed
w th the ( Of1) group in primary alcohols has a carbon coordination ol ¢ne
n secondary alcohols, a carbon coordinat on of two: and infertiary 1l Choels
a carbon coordinat' on of three. Thus, one of the primary amyl alcobhols Cenld

he described as follows:
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but a simple variat on such as

C C ¢ - C Ot

(for s miphc.ty, the hydrogen atoms ave omitted) does noi change the carbon
coord.nation at the (- OH) group and so const’ tutes another poimary amyl
alcohol with d fferent physical properties  The frst of these s commonly
called n amyl alcohol and for obv ous reasons s described as o siriaght

chit n aleohol, The second (8 called  conmy! alcohod

The siraight cha n secondary alvohol  sec-amyl, has the following
arrangement (agi.n omithing hydrogen atoms) between carbon atoms and the
(Ol group-

¢ G ¢ - C ¢

Ot

The carbon coord nation of the carbon atom holding the { OI) geoup 1 rwo

When th s becomes three, as follows
G
¢ - ¢ - ¢ - C
OH

we have tert-amyl itlcohol which s, s rictly speaking, ne longey a straight
cha n molecule

Obv ously the multipheity of adcohol spec s poes up with molecuiar
we.ght, and a study of embrittlemen! maght get nired narrelevancies af
every species wis laken for study  For the purposce of this program, sim

plified trends are the object.ve.
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A clear and sTple trend s revealed by plotting the cycles to

OlIl s 1n

fa'lure against the numer'cal value of n from the formula C
n

Zutl
Fipgure 1. Two curves are plotted  one for the pr mary and one [or the
B } y

secondary alcohols.

It is most remarkable that when the curves for both promary and
sccondary alcohols are extrapolated back ton 0 the value ol NF co.ncides
almost exaclly w th that for dist lled water, For the purposes of cimbrittle
meoent, th's suggests that water behaves as a limist ng spee os of alcohol. This

s another strong ndicat on that stress corros on cancepts are ‘napplicable

While the corretation of {atigue 1 fe w th the number of carbon
atotns in the atlcohol molecule 15 o valuable sign of sys emucic hehivior. ot
does not of tself shed much 1 ght on the mechainisim of embe ttlemen The
common denominator in all of these alcohols s the ex stence of an { O
group But the oxygen atom is about four tumes as big as the hydrogen ntom
so that the { O group s really dominated by the s ze of the oxygen (tom
and m oght be regarded effectively as such  Sice metals have cstrong affouty
for oxygen, (is reasonable to suggest that active nfluence ot adcohols on the
cohesive strength of ivon derives from interaction netween surface doms of
“ron and the (~OI) groups of alecohol. The influence of the { Ot} group «an
be seen from oo comparvison of cthanol (CC Ol), whose aumber of cycles vo
fracture (NF) wits 935,000, with ethylene glycol, (1O C-C O, whose strae
ture g very sunilar but possesses two ( OH) groups  in this case the num

ber of cycles to falure (NI") s 824,000,

While the secondary alcohols are consaistently more wofove than the

primary alcohols, the tevt ary alcohol reverses this trend abruptly.

Alcohol NI“' Cycles
n-amyl 1,075,000
1so amyl 1,172,000
scc-amyl 892,000
tert amyl 1,530,000

As will be discussed later, this probably veflects the sharp drop o packong
eff ciency 1n going from molecules with one - or two dimiens onal chavadters

to those w th three .dimens.onal characters A further msight into the «n

fluence of molecule s ze and shape may be had by exium ming fhe behavior of
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benzyl alcohol . Benzyl alcohol can be regarded as methanol with an attached
benzene r'ng. Th's has a definite effect in reducing embrittlement, for while
methanol causes failure in 796,000 cycles, benzyl alcohol requires 1,133,000
cycles.

The alcohols provide a sinmualar trend when applied to high -s'rength
aluminum. The results of & progrin of test ' ng primary and sccondary alco
hols are shown in Figure 5. Aga'n, as longer chain molecules are used, the
embrittlement factor progressively disappears. The gotyl alcohols are es

sentially nonembrittling. There (s no resolvable dist netion between primary |

and sccondary alcohols Finally, as with steel, extrapolation to zero carbon
chain length coincides with the fatigue 1'fe of the alloy in water  Agian. we

have ev'dence that water behaves as a limi t'ng alcohol species.

In going from a pure liquid species to Hquid solution, we open up
at least two interest' ng alternatives:
solution of an active component in an inactive solvent
- m s¢ ble solution of two components of different activity.,

Examples of cach are shown in Figures 6 and 7.

Figurce 6 'llustrates the behavior of solutions of an active com
ponent, isoamyl alcohol, with an inactive component, heavy maineral oil
The trend shows an ‘ndependence of concentration of the isoamyl alcohol
above a ¢ritical 10% level. This '8 the expected behavior of a solution an
which one component has o propens.ty for surface adsorption  ‘The ¢xisteance
of a threshold concentration requires some consideration  In vapor conden
sat’on processes, the desorption and absorption rates usually have dudferent
concentration dependenc’es, and as a result, the equ'librium concentration
of isoamyl moelecules on the iron surface achieves a saturation level only at

some finite solution concentration.

Figure 7 1llustrates the behavior of two m’s ible act ve 1 quids

water and ethanol. The shape of the curve 'ndicates that water adsorbs to
an iron surface to a degree in excess of 'ts proportion in he solution it

may be that all solutions of active components will show this characteristic
If th's ig the case, then it can be inferred that the adsorption bond strength

and embrittling propensily are directly proportional.
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E. Influence of Ethers on Cyclic Fat'gue

The s'mple d" -ethers cun be described by the general formula
CnHval O CnllZlHl so that when n = | we have CH}O(,H3 wh'ch is n-methyl
ether and when n = 8 we have 68[']17 O CS“I? which 1s n-~octyl ether  There
are many ether varations based on the choice of hydrocarbon group on either

s'de of the { O-) group and on a multiplic'ty of (-O ) groups n a cha'n.

The molecular formula fer a primary d -cther does not adequately

describe 1t for present purposes. We can alternatively write n-butyl ether

as’
H H I 13| i I I H
' 1 i 1 ' | 1 3
H - C - C -G - C - 0 - C - C - C cC - H
i 1 1 : 1 1 i
H It 18 H t H Il I

The carbon atoms are completely shielded by hydrogen atoms but
the oxygen atom is not symmetrically bonded on all sides.  The ethers may
thus be regarded as polar muole ules possessing a polar zable oxygen atom,
i.e., anoxygen atom whose force f eld has some measure of ability to anter
act with other incompletely shielded force felds such as exist at the surface

ol solids,

The primary di -ethers are capable of producing embr ttlement in
stecl under cyclic fatigue. Figure 8 demonstrates that as with alcohols, the
degree of embrittlement 's proportional to the carbon chain length. There s
a remarkable sini'larity between the primary d'-ethers and the secondary
alcohols in their respective absolute measures of embrittlement and the rate
of change with carbon chain length  The general similar‘ty between ethers
and alcohols leads to the inference that the polar properties of the (-OH;
and (~O-} groups are not very much different. Again, it is seen thatl extra -
polation (Figure 8} to zero carbon chain length co'nc'des with the measure of

embrittlement exhiblted by distilled water.

It appears that multiple polar oxygen groups (-O ) can compensate
for long carbon chain length so thdt embrittlement activity is equivalent to
simple ethers of short carbon chain length. Three examples (hydrogen atoms

omitted) are:
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diethylene glycol diethyl ether N = 706,000 cycles .
C-C-0-C-C-0-C-C-0--C-C

diethylene glycol dibutyl ether NF‘ = 807,000 cycles.
c-c C.C-0-C C-0.-C-C.-0-C.C-C-C

d'ethylene glycol mono-n-hexyl ether Ny = 816,000 cycles.

HO C-C-0-C-C-0-C C-C-C C-C

These failures are comparable to those produced by n-propyl and n-butyl

ethers. Note that the {-OH) is acting as equ valent to an {-O-) group.

A similar ind caton of the signif'cance of multiple polar groups
is obtained by comparing the cycles to fracture produced by ethanol, n-propyl

alcohol, ethylene glycol, diethylene glycol, and glycerol:

¢thanol C C.-OH 900,000 cycles
n-propyl alcohol C . .C.C OH 1,040,000 cycles
cthylene glycol HO C C-0tl 824,000 cycles
diethylene glycol HO-C C-O0 C C-OH 756,000 cycles
glycerol ¢ - C - C 868,000 cycles

i 1 1
O Oll OoH
On the other hand, a closed chain system has no effect. Dioxane

‘s a case in point, w'th a bond arrangement as follows:

cC — C
O O (hydrogen atoms omitted)
N C —-C
Here we have two polar (-O-) groups arranged 'n a closed chain. Dioxane

produced no embrittlement in steel to the extent that fa lure had not occurred

after 7,600,000 cycles.

A check on the possible nterference of absorbed water as a
trace impurity was made in the case of diethylene glycol dibulyl ether by the
use of infrared spectlral absorption analysis. Inspection of the absorption
bands showed no detectable evidence of either alcoholic {-OH), water, or
carbonyl groups (C = O) at 3 and 5.86 microns, respect’vely. Almost all

other test materials were dried before use.
ItT RESEARCH INSTITUTE
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F. Influence of Aldehydes on Cyclic Fatigue

The aldehydes are hydrocarbon chains to which is appended a

-0
: Cf\ group. Thus propanal is a propyl chain with the appropriate end
group: E
O
Z
cH,cH,C”
S H
or
H H
: e}
0
H . c - ¢c - cZ
S~ H
1 H

The oxygen atom has a double covalent bond with its adjacent carbon atom,
and embrittlement stud’es provide an opportumty to assess the relative
polarizability of an '=0) atom as compared to a twofold single covalent bhand

as in ethers.

Ether Aldehyde N_F,_c;xcles )
n- propyl 840, 000
propanal 1,050, 000
n pentyl 950, 000
pentanal 1,400, 000
n-heptyl (interpolated) 1,200,000
enanthal 1,500, 000

There is a consistent trend to indicate that the (-0) group is somewhat, but
not markedly, weaker than the (-O-) group 'n surface activity. As with the
alcohols and the ethers, Figure 9 shows a consistent relationship between
embrittlement and carbon chain length which extrapolates to the value for

water at zero chain length.

G. Failure of Notched Specimens

Under Static Loading

One can wonder whether the premature failures encounterced by
cyclic stressing in an environment of an active organic liquid is due more
to the cycling action than to the peak stresses. It is hhikely that the continual

elastic opening and closing of a notch and subsequent crack will rupture oxide
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films as they form and perpetuate hqud metal contact. But this is only
speculation, It was appropriate, therefore, to use the same center notched
specimen with the same system of wetting with a liquid under conditions of
static loading . In this case, a stress of 90% of the ultimate strength was
used. In air the specimen sustained this load for many days without failure.
Wetted with water, average finlure tunes were about 8 hours. Wetted with
methanol, the farlure time averaged about 9 1/2 hours No failures were

encountered with ethanol or propanol despite exposures of as long as 48 hours

We may conclude that while stress itself can cause failure, the
process .s very protracted. The cyclic stress action of dynanmuc fatigue is

an umportant factor 1n embrittlement

IV. SUMMARY OF EXPERIMENTAL OBSERVATIONS

1. Embrittlement by orgamic liquids is not encountered in simple
cont'nuous loading 1n tension to failure and in static loading of unnotched
specimens at stresges as high as the yield po'nt. Only water and methanol
produced premature fa. lure n static loading of edge-notched specimens
loaded in tension. Cyclic loading 1in tens on-tension fat'gue of edge-notched
specimens produced premature failures which were systematically related

to the molecular structure of the orgamce hquid.

2. Water proved to be the most effective embrittling liquid in
cychie fatigue test ng. Ion concentration by adjustment of pl, by addition of
soluble NaCl, or by imposed DC potential has, at most, a minor influence
on the effectiveness of water as an embnittling agent of stecl. In the casce of
aluminum, the highly corrosive saline solution was only slightly more ef-

fective than distilled water.

3 The embrittling act on of primary and secondary alcohols 1s
proportional to the carbon chain length, being more effective at the shortest
carbon chain length  Tertiary alcohels and closed chain alcohols (benzyl)
are legs effective than primary or secondary alcohols of equivalent carbon
chain length. A glycol with an {(-OH) group at e’ther end of the carbon chain

‘s more effect-ve than the pr mary alcohol of equivalent carbon chain length.

4. The embr ttling action of simple ethers ‘s also proportional

to carbon cha n length, be ' ng more cffective at the shortest carbon chain
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length. The cffect’'veness of an ( O ) group seems not to be much different
from a polar ( Ofl) group. The ex’stence of multiple polar (-O-) groups in
a complex ether seems Lo counteract the long carbon chain condition, i.e.,

these cthers are as cffective as short cha'n s'mple ethers

5. 1Inthe case of alcohols, cthers, and aldehydes extrapolation
of embritticment to zero carbon chain length consistently coincides w'th the
embrittlement potent al of water. Water can be regarded as a zero carbon
chain length molecule with a polar (-OH) group  Th's and the aforementioned
observat.ons on the lack of "'nfluence of "on concentration, are strong evidence
that embrittlement by water “s not based on stress corros on clectrochemical

mechanisms

6. The aldehydes behave as long chain polar molecules in which
the (=0O) oxygen atom is only somewhat less surface-act've than the (-O-)

oxygen atom 1s ‘n cthers,

7. The behavior of alcohols toward aluminum is basically the
same as toward steel wh'ch would render the potential contribution of hydro-
gen from the hydrocarbon part of the chamn or from the (-OH) group as un-
likely, since hydrogen does not embrittle alum num. Moreover, the extra-
polation to zero chain length aga n comeides with the embrittlement level for
water,

V. SOME THOUGIITS ON Tl MECIHANISM
OF EMBRITTLEMENT

A medum disposed at the external surface of a specimen under
stress can act as an embr ttling agent to the extent that some atoms or
molecules in the medium possess a positive interaction capab’lity with the
atom of the solid, and to the extent that these atoms or molecules can pursue
the crack as it penetrates ‘nto the surface of the solid. Thus, there are two

qualify’'ng cr'teria~- nteraction and mob'lity.

The nature of the ‘nteraction can only be rcasonably inferred.
Certain fore’gn atoms arc strongly attracted by the gsurface atoms of the
sol'd. As is the naturc of atom.c packing, the foreign atom is drawn into
the geometrical rest pos't'on between the three or four atom surface arrange-

ments of the sol:d.  Th.s must act to increase the ;nteratomic spacing of
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this triplet or quadruplet set by an amount proportional to the force of at
traction. This three plus-one or four plus one unit is at a lower state ol
total free energy, but at the same tune the cohesive energy between any two
atoms of the sol'd 'nth's un’t "s less  Thus, the critical force to separate
two atoms of the sol d beyond the spacing at which interattraction ceases is
reduced., We argue, therefore, that phys'cal adsorption to the real surface
of a solid must reduce the cohes’ve strength at the surface and also the frac-

ture strength. (6.7)

Phys'cal adsorption may not be more than a tr-nsit:on state. The
adsorbed atom may m’'grate into the solid host lattice so that the point of
reduced cohesive strength now resides in the interior and possesses no
continu'ty with the source of fore gn atoms, i.e., the medium Alternatively,
a change of state may begin at the surface with the growth of a new solid phase
with 'ts own crystal iatt ce. This also acts as a barrier between the solid
and the fluid medium to prevent propagation of a ruptured atomic bond. Prob-
ably for this reason, liquid metals which have no constitutional propensity for
the formation of intermediate phases w1 h the solid will more frequently cause

severe embr ttlement under stress

Oxygen must be regarded as strongly interactive with most metals.
But normal gascous oxygen even under special conditions of diatomic dis-
sociation will rapidly form an intervening solid ox'de film separat.ng the
metal from its environment . However, oxygen in a polar group attached to
an organic molecule 18 in a special state, involving coordinate bonds and two
pairs of unghared electrons. While adsorbed to a metal surface, it is jointly
bonded both to the host molecule and the metal surface without gain or loss
of electrons; i.e., oxidation does not take place. This must prevent any
change of state so that in event of atomic separation in the solid surface,
the rupture can be followed by the fluid medium with its reservoir of adsorbing
Epec'es.

It has been rccognized for a long time that the real strengths of
metals are several orders of magnitude less than their theoretical strengths.
The reason for this 18, of course, that metals ceasc to behave purely elas
tically at guite low stresses and develop a large strain capacit through local

plast'c shear processes To the cxtent that these plastic processes can be
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restrained from initiation, the strength of & metal may approach its theoreti-
cal value. The contemporary concepts of the origin of fracture nuclei and
crystalline elastic-plastic solid have focused on the unit processes of shear-
type plastic strain. These unit plastic processes are doubly heterogeneous
in that they are confined to widely separated parallel or conjugate planes and
directions and, within each alip plane itself, to an avalanche of separated

crystal faults or dislocations moving in the slip direction.

It has been recognized that a linc of dislocations contained within
a slip plane pushed against a barrier to passage, such as a grain boundary
{there are others), by an externally imposed shear stress has many of the
elastic stress field characteristics of a sharp crack of equivalent length
acted on by transverse stresses. Thus, the tensile stresses directly in
front of the head of the pile-up of dislocations are many times greater than
the average applied siress.  We conceive that a fracture nuclecus is formed
when these extremely local stress magnifications reach the critical cohesive
strength of the solid. When the cohesive strength is highly anisotropic, the

fracture assumes a cleavage character,

This part of the discussion gerved to emphasize that the conditions

for fracture nucleation are achieved only at widely separated points. Further.-
more, the environment can only influence those critical points at the solid-
environment interface. ‘Uhus, for efficient embrittlement, the extent to

which the surface is tightly packed with polar oxygen groups (or any other

surface-active group) is an important factor.

l'o gain some appreciation of surface packing, il is necessary to
give consideration to the shape and character of the whole molecule of which
the active grrup is a part. Watcr is the simplest case. The (-OH) group is
attached only to s hydrogen atom. Here it is important to remember relative
atomic sizes. The oxygen atom ig so very much larger than the hydrogen
atom that the (-OH) group viewed on an atomic scale is hardly more than a
slightly distortcd oxygen atom. The other appended hydrogen atom is equally
insignificant in size. The packing of essentially oxygen atoms (--OH groups)
from water onto the surface of a metal is comparatively unobstructed by the

size and shape of the molecule.
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The primary alcohols represent the addition of one {inite dimension
of shape., These are carbon chains appended to the (-OH) group. Ideally,
chain- shaped molecules attached at one end to a planar surface should pack

very tightly independent of the length of the chain.

It is doubtful that surface packing is the sole reason for the re-
lationship betwueen chain length and degree of embrittlement. We must con-
sider also the nature of crack propagation. The crack itself is a very narrow
planar void. Since the degree of plastic deformation ahead of the advancing
crack is small, the separation of fracture surfaces near the crack root may
not be more than several atommic distances. Into this constricted channel, the
molecules of the organic liquid must penetrate in order to continue propaga -
tion of the crack to a length that is self sustaining for the imposed reak stress.
It is not difficult to appreciate how the long flexible chain molecules penetrate
more slowly than the shorter ones. This penctration factor may, itselt, be

sufficient to account for the chain length relationship to embrittlement.

From primary to secondary (o tertiary alcohols, there is a pro-
gression from one totwo to threc dimensionial characters of the molecular |
shape. The three-dinmensional character of the tertiary alcohols, both from
a packing and from a mobility viewpoint, should deter embrittlement and this,
in fact, is observed However, the two dimensional character of the sec-
ondary alcohols is mutigated by the reduction in effective chain length; thus
the apparent chain length of secondary propanoi is only two, compared to
three for n propyl alcohol.  Actually 2 propanol behaves more like n-methyl
alcohol, i.e. areduction of two in chain length. The other secondary alcohols
act in simalar fashion  There must be another inflnence of the double carbon

atom coordination on the polarizability of the (- OH) group.

This cffect of twofold carbon coordination must be an important
factor, since the cthers appear to be somewhat more effective embrittling
agents than the alcchols. This factor as well as the absence of the screening

hydrogen atom (in the -OH group) appears to outweigh the two-dimensional

character of the cther molecule. In this regard the notation for an ether of
the form C_H., O CH cannot be indicative of the actual molecular

n Zntl n 2ntl
shape. For the oxygen atom to be surface active, the molecular shape must

be more of the form

11T RESEARCH INSTITUTE

-30 - IITRI-B183B2 -4
(Summary Report)




! C

-IZnH n
~N
O

/
th k1 Cn
The substantial embrittling effectiveness of multi-polar ethers
such as diethylene glycol diethyl ether suggests that the molecule must as-
sume special shapes to render each of the { O ) groups effective and thus to
counterbalance the long chain effect. I'his can be achieved by arrangements

as shown:

cC — C
™~
o)
e
cC — C
o)
~,
S~ c C
AN
o)
¢ —

This chain can be completely flexible, yet present to the surface each of its
available (1O ) groupsd. In this way strong aclivity can be developed with

decreased volatility,

The importance of the flexible character is seen whan a closed
ring type structure such as 1,4-dioxiane loses ability to produce embrittle-
ment. Structurally, it 18 virtually impossible for both ethereal oxygen
atoms to attach to @ single metal surface because of the "staircase' type
gtructure. DBoth could be adsorbed, however, by two almost touching sur
faces a8 in a crack. Even here, movement of the molecule along either

surface would be geometrically prohibited.,

This type of work 15 obviously only at the beginning stage. Some
simple generalizations have been revealed, and some rationality can be ap-
plicd. There is much to be learned about real shape of molecules, their
propensities for packing on a planar surface, and their ability to follow an
advancing crack. There is also much further exploration of additional polar

species capable of engendering embrittlement.
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APPENDIX

TEST PROCEDURES

A. Materials

Specimens were cut from 0.080 in. thick commercial sheet. The
alumuinum 2024 was supplied in the T4 condition. The steel sheet machined
to specimen dimensions was heat -treated by austenitizing at 1550°F, cooled
in flowing air, and tempered to the required strength. An approximately
0.001 in. root radius was attained in the notches by the use of special files.
There was some lack of reproducibility in the steel specimens from heat-
treated batch to bateh as disclosed by the fatigue limit in water which varied
between 450,000 and 700,000 cycles  Only batches giving 550,000 to 650,000

cyeles to failure were used.

B. Tensile Testing

Flat, sheet type specimens with a 2-in. gage length and pin grips
in an Instron machine constituted the simple test procedure. The full stress-
strain curve wad recorded. The surface of the specimen was polished either
chemically (for Al), or by surface grinding (for steel). The candidate liquid

wasg swibbed onto the surface generously before loading.

C. Unnotched S‘,““f-.;!if‘v_‘,‘g_’}k’v“i,,’i Bending

Figure 10 illustrates a bend fixture designed for this research
program. The specnnen was a strip shaped coupon of dimensions 5 in.
long x 0.5 in. wide x 0.080 in thick  The gspecimens in the heat -treated
condition werce ground on the tension surface. Each specimen was loaded
to its yicld point in the bend fixture by means of an Instron universal testing
machine. The load was transferred from the machine to the center pin by
means of a threaded nut, The center loading pin transmitted the load to the
specimen by a solid glass cylinder, which cffectively provided line contact
and electrical insulation. Load was transferred from the machine to the
loading pin by an intervening steel ball  The steel ball and glass cylinder
jointly ¢nsurecd good axiality of loading. The two outside support pins were

covered with insulating tape so that no electrochemical currents could be
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Neg. No. 25005

FIG. 10 - STATIC STRESSING SYSTEM

Stresses at the yield point of the test specimen. Asbestos pad clipped to tension
side of the specimen and saturated with candidate embrittling liquid. The whole
assembly is placed inside a glass bottle closed with a rubber gasketea steel cap.
In the case of saline-base solutions the glass bottle is prerinsed with salt water
to minimize evaporation from the pad.
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generated beiweon the speammen and the Ioading fixture

A drop ot the candidate fluid was placed on the ground surface of
the tension side Wath o carbude tool. the ground surface was scraped in a
direction transverse to the grinding marks  The tool point 16 essentially
submerged below the candidate fiwid to encourage true wetting with the
metal. A rescrvouwr of fluid was provided by clamping an asbestos pad,
saturated waith fluid, to the tension surface on top of the scrabe marks The
whole assembly was pliced inside 4 glags bottle and sealed off by means
of a rubber pasketed steel cap. This was necessary because of the volatility
of some of the fluid candhidates . Fach test was run for a week, with daily

checks for incwdence of farlure.,

D, Cyche Tension Tension Fatigue Testing

Figure T dlustrates the type of edge noteched specimen used for
tenson tension type ol fatigae testoag and the avrangement of pads, olips,
and wrapping by which the candidate organmse liquid was brought in contact
with the notched regron of the specimen. The noteh atself was tinished to
0.001 . root rad us with speciad files . Patigue testing was done ina
Baldwin fatigue machine operating o 1800 cpm. According to previous
pubiished work, this slow rate of cycling was more conducive to premature

cracking in the presence of surfactants

While the nomanal siresses mimposced on the edge notehed sheet
specnnen are not large . the depth of noteh and the notch radius {(about
0.001 in.) arce such as to creste very lacge stress magmfications at the
root. TIf one assumes purely ¢lastoo hehavior, the stress magmfication s
probably between 20X and 30X This means thid the stresgses af the notch

root reach o maximum value of about 400,000 psr.
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ILLUSTRATION OF EDGE-NOTCHED SHEET SPECI-
MEN FOR TENSION-TENSICON FATIGUE IN THE
PRESENCE OF CANDIDATE ORGANIC EMBRITTLING
LIQUIDS. Shows arrangement of liquid-saturated pads
clipped to the fracture zone and wrapped to prevent
volatilization. Character of fracture also shown.
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